Abstract: The formation of the tetragonal high-pressure structure, attributed to the Jahn-Teller distortion, was proved. The c/a axial ratio shows an increasing trend towards a stronger tetragonal distortion at high pressure. Rietveld refinement after the pressure relaxation demonstrates the presence of tetragonal artefacts of the high-pressure structure only for the LiMn 2 O 4 sample compressed in hexagonal boron nitride (h-BN), whereas the sample compressed in silicone reveals the pure cubic phase. Confrontation with the result of the first angle-dispersive diamond-anvil-cell experiment is presented.
Introduction
Lithium-manganese spinel oxide has been a subject of numerous investigations in different domains. However, most studies have focused on the electrochemical character of the system, in view of its commercial application as a substitute for LiCoO 2 , due to being more environmentally friendly and costing less [1] . During the last 10 years several experimental studies on its high and low temperature phase transitions and also theoretical calculations have been carried out. The tetragonal structure of Li x Mn 3-x O 4 with the c/a > 1 axial ratio has been observed by Tarascon at al. [2] . These authors have obtained the tetragonal sample with space group I4 1 /amd (141). Subsequently, single crystal with composition Li 0.91 Mn 0.09 [Mn 2 ]O 4 , obtained by a flux technique has been examined by Björk at al. [3] . The structure has been successfully solved using tetragonal I4 1 /amd space group and cell parameters a = 5.7502(9) Å and c = 8.637(3) Å. In both papers, mentioned above, the body-centered standard space group has been applied. Nevertheless, the c/a ratio is of 1.06, after conversion to face-centered space group F4 1 /ddm (141) (a F = 2 a I ; c F = c I ).
It is established that at ambient pressure the cubic-orthorhombic phase transition for pure LiMn 2 5 . In consequence, due to orientation of the tetragonally distorted octahedra along the c axis, the cooperative Jahn-Teller effect is observed.
The effect of pressure on the structure of lithium-manganese spinel is of great interest as well. Previous experimental high-pressure investigations of spinel type oxides include studies of compressibility and phase transitions of e.g. ZnMn 2 O 4 , NiMn 2 O 4 , CuMn 2 O 4 [6] , but only a few contradictive reports on the high-pressure investigations of lithium manganese spinel. Jak at al. [7, 8] have not observed any significant structural changes after dynamic compaction, and successive relaxation from a pressure of 25 GPa. Nevertheless, the first in-situ high pressure experiment has shown the existence of a new tetragonal phase with the space group F4 1 /ddm [9] . A subsequent paper concerning investigation of LiMn 2 O 4 at high pressure has suggested a cubic to orthorhombic phase transition, deduced from broadening of some cubic spinel lines [10] . In addition, those authors have observed hkl-dependent line broadening after the pressure relaxation, and from this fact they have concluded the presence of a quenched high-pressure non-cubic phase. 
Experimental
The LiMn 2 O 4 sample was obtained by solid-state reaction of α-Mn 2 O 3 precursor with Li 2 CO 3 at 1073 K. The high-pressure powder diffraction experiments were performed using the energy dispersive X-ray diffraction method at a cubic anvil X-ray diffraction press, MAX80, installed at the F2.1 beamline (DESY/HASYLAB). Samples were mounted in a boron nitride cylinder, inside a cylindrical graphite heater located in the middle of a boron-epoxy cube.
In the first pre-test experiment in a diamond anvil cell, the diamonds with 300 µm culet diameter were used with spring steel gasket with 125 µm hole. The data were collected on the beamline I711 at the MAX-lab laboratory, Lund, Sweden. The pressure was measured using the ruby fluorescence method. Two dimensional diffraction patterns were collected using a MAR345 CCD detector system. Two-dimensional diffraction patterns were radially integrated using the program Fit2D [11] to obtain one-dimensional patterns.
Results and discussion
The formation of a tetragonal structure, attributed to the Jahn-Teller distortion, was proved with Le Bail fitting [12] , implemented in the FullProf program [13] . For measurements in silicone gel the fitting of single reflections with the program WinPlotr [14] were used to obtain the unit-cell volume change with pressure (Fig. 1) . The c/a ratio shows a trend towards a stronger tetragonal distortion at high pressure (Fig. 2) . This observation is contradictive to the one described for the Mn 3+ silicate, where the stronger compression of the long bonds, relative to short bonds, leads to a smaller compressional overbonding, and acts against the Jahn-Teller distortion [15] . However, the presented results coincide with the pressure-induced lowering of symmetry observed for many spinels with the JahnTeller Mn 3+ ion [16] . Fig. 2 . The c/a axial ratio of the high-pressure 'phase II' as a dependence of the applied pressure.
APPLIED CRYSTALLOGRAPHY XX
Released LiMn 2 O 4 . After pressure relaxation the high-pressure phase of NiMn 2 O 4 spinel has not reverted to the ambient-condition-stable cubic phase [17] . This fact has been interpreted as a consequence of hysteresis in the phase transformation. Considerable differences in the results of Rietveld refinement of released LiMn 2 O 4 samples (Fig. 3) prove that the pressure medium is crucial for reversibility of the pressure phase transition. A sample compressed in silicone revealed the cubic Fd 3 m (227) structure after relaxation. The noticeable splitting of cubic 311 and 400 reflections It was fitted with a mixture of the cubic and the tetragonal structures which could be assumed as artefacts of the high-pressure structure. This observation should however be interpreted with caution, because of the non-sufficient angular resolution and difficulties in profile fitting due to microstructural effects. The measurements with higher resolution could give more structural details, nevertheless there is no evidence for a relationship between the high-pressure structure, and the one observed after relaxation. LiMn 2 O 4 in diamond-anvil cell. The angle-dispersive diamond anvil cell experiment seems to confirm the earlier observation of line splitting, suggesting the tetragonal phase with the space group F4 1 /ddm (Fig. 4) . Unfortunately, this experiment did not allow to observe all diffraction lines of the tetragonal spinel phase, due to difficulties in separating of ruby reflections and overlapping of Fig. 4 . Section of the integrated diffraction patterns of LiMn 2 O 4 obtained in a diamond-anvil cell.
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lines of the gasket. Due to technical problems in angle-dispersive mode, the energy-dispersive measurement is still the best technique for examining lithium-manganese spinels.
Summary
The symmetry lowering, arising in the compressed LiMn 2 O 4 sample, can be attributed to a pressure-induced orientation of Mn 3+ O 6 octahedra in the c-axis direction, as it is observed in lithium-deficient Li x Mn 3-x O 4 samples. Likewise, the c/a axial ratio suggests the structure deformation analogous to that induced by the lithium deficit. A comparison of results of a Rietveld refinement of a released LiMn 2 O 4 , formerly compressed in silicone and in h-BN, suggests significant importance of the pressure medium for preserving structural distortions of the spinel lattice.
